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Abstract— This study reports on an investigation into the grain 
size distribution of the railway ballast using ground-penetrating 
radar (GPR) and image analysis. The proposed approach relies on 
the hypothesis that the dimension (grading) of the ballast 
aggregates can influence the back-reflected spectrum received by 
the use of GPR. This assumption was confirmed by the finite 
difference time-domain (FDTD) simulations of the GPR signal, 
which were run by using the numerical simulator package gprMax 
2D. A regression model was developed which related the 
“equivalent” diameter of the ballast aggregates and the frequency 
of the peak within the received spectrum. The model was validated 
in the laboratory environment by means of a 155 cm  155 cm  50 
cm methacrylate tank, filled up with railway ballast. An air-
coupled GPR system equipped with a 2000 MHz central frequency 
antenna was used for testing purposes. A total of three spatial 
distributions of the ballast aggregates within the tank were 
investigated, by emptying out and filling up thrice the tank with 
the same material. The geometric information on the ballast 
grading obtained from the simulation-based regression model was 
compared to the actual grading curve of the ballast. To this effect, 
an algorithm based on the automatic image analysis was 
developed. The comparison showed that the modelled aggregate 
diameter corresponded to the 70 % of the grading of the material 
sieved out in the laboratory. This contribution paves the way to 
new methodologies for the non-destructive assessment and the 
monitoring of segregation phenomena within the railway ballast 
layers in railway track-beds.  
Keywords—GPR; Ground-penetrating radar; FDTD 
simulations; Railway ballast; Image analysis 
I.  INTRODUCTION  
The progressive aging of railway infrastructures and the 
growing transportation demand require proper scheduling of 
maintenance and rehabilitation activities, in order to maintain 
the highest standards in the operation of the infrastructure. 
Within this context, the case of ballasted track-beds is critical 
within a rail network, as the ballast layer is progressively 
polluted by the effects of the train passages during the 
infrastructure life-cycle. Among these factors, the segregation of 
the aggregates is one of the most critical, as it implies changes 
in the original grading of the ballast [1, 2]. 
In view of the above, administrations and managing 
companies are seeking high-performance and non-destructive 
inspection technologies, for the assessment of the health 
conditions of the track-bed and the early-stage detection of 
structural weaknesses. To this purpose, several studies report on 
the application of ground-penetrating radar (GPR) [3, 4], as it 
allows to perform very detailed surveys over long distances, at 
relatively high speeds. 
This work proposes an experimental based approach for the 
assessment of the railway ballast conditions, which relies on the 
analysis of the GPR data in the spectral (frequency) domain and 
requires no calibration steps (i.e., no need of digging 
holes/trenches).  
The proposed algorithms may be embedded within an 
automatic process for assessing changes in the railway ballast 
grading. The detection of the spatial and temporal variation of 
the grain size properties of the ballast may be reached by 
performing periodic surveys of the railway network. 
II. THEORETICAL BACKGROUND 
The proposed approach relies on the evidence that a generic 
object (e.g., a railway ballast aggregate) subjected to the action 
of an electromagnetic (EM) field holds a characteristic 
frequency f*, which is inversely related to its size. When the 
frequency of the EM waves hitting on the object equals the 
object characteristic frequency, resonant effects are generated. 
In view of the pulsed GPR system used in this study, the EM 
waves are emitted within a frequency band B rather than a single 
frequency. The bandwidth can be broadly quantified as twice the 
pulsed central frequency fc [5]. Thereby, it can occur that f* falls 
within B. In this case, the EM waves are found to resonate at that 
particular frequency of the spectrum. To this effect, it is 
expected a shift of the amplitude peak from fc towards f*within 
the bandwidth of the back-received spectrum. 
III. FDTD SIMULATION 
To underpin the theoretical assumption discussed in Section 
II, finite-difference time-domain (FDTD) simulations of the 
GPR signal were run on ballast particles with a simplified circle 
shape and differing size. An ad hoc simulation scenario was 
purposely set up (Fig. 1) using the numerical simulator package 
gprMax 2D [6].  
A single ballast aggregate and an ensemble of equally-sized 
particles, simplified as circles with diameter d in a two-
dimensional plane, were immersed into an air-filled domain. 
This domain was surrounded by perfectly matched layers (PML) 
to avoid any possible border effect on the signal. One transmitter 
tx and one receiver rx have been suspended in the air to a height 
of 80 cm from the particles, thereby reproducing a horn antenna 
working with the aperture suspended at 40 cm from the surface. 
Simulations have been run for both the configurations, with an 
increasing value of d, within the range 4-12 cm, i.e. the typical 
dimensions of ballast grains used for track-bed construction 
purposes. The central frequency of the synthetic pulse was set to 
2000 MHz. 
In both the analysed scenarios, the received spectra turned 
out to be influenced by the dimension of the object. Decreasing 
values of the frequency of the major amplitude peak have been 
recorded for increasing values of d. On the contrary, it was 
observed that for the greatest sizes of the aggregates (i.e. for d>8 
cm), the frequency shift did not occur, which was due to the low 
rate of energy received at the boundaries of the spectrum. This 
is particularly true in the case of the multi-grain configuration, 
where the scattering between the particles tends to absorb a 
further part of the emitted energy [7].  
A. Regression model 
From the analysis of the trend of the spectral frequency peaks 
against the grain size of the analysed particles, it is possible to 
propose an exponential regression model, as in (1): 
 𝑓𝑝 = 𝛼 ⋅ 𝑒
−𝛽𝑑 
with fp being the resonance frequency, d being the diameter 
of the ballast particle,  and  being the regression parameters 
depending on the simulated configuration. The regression curves 
are shown in Fig. 2. The values of the fitting parameters are 
listed in Table 1. 
TABLE I.  FITTING PARAMETERS IN EQ. 1 
 
Fitting Parameters 
Configuration  (109)  
1 Single-particle 6.6 18.0 
2 Multi-particle 4.8 15.7 
 
IV. EXPERIMENTAL FRAMEWORK 
In order to confirm the theoretical assumption discussed in 
Section I as well as the outcomes from the simulations showed 
in Section II, an experimental activity was purposely performed. 
A 155 cm  155 cm  55 cm square-based methacrylate tank 
(Fig. 3), was filled up with limestone ballast aggregates. A 
thorough assessment of the main physical and electromagnetic 
properties of the material was carried out according to standard 
test methods performed in the laboratory environment [8].  
A total of three spatial distributions of the ballast aggregates 
within the tank were investigated by means of image analysis. 
This was achieved after emptying out and filling up thrice the 
tank with the same material. 
A. Image analysis algorithm 
An ad hoc image analysis algorithm was developed in order 
to infer the geometric properties (grading) of the ballast by 
photographic survey. This is an important tool for calibrating 
and validating the model. 
 
Fig. 1. The simulation domains: single-particle(a) and multi-
particle(b) configurations. 
 
 
a) b) 
 
Fig. 2. Regression curves from the two simulated 
configurations. 
 
Fig. 3. Plan view of the ballast-filled methacrylate tank, from Test 1. 
(a): the raw picture taken with a photocamera suspended in the air 
above the center of the formwork. (b): the binary image obtained 
from the processing of the raw picture. 
 
a) b) 
The proposed algorithm is composed of two main steps. 
Firstly, a threshold to the RGB image is set, such that the original 
image is transformed into a binary matrix. The pixels of this 
matrix are filled with “ones”, if they exceed the above set 
threshold; else (pixels below the threshold), the pixels are filled 
with “zeroes”. Hence, morphological operators are required for 
cleaning up the image from the smaller objects, which can be 
attributed to clutter rather than to the actual size of the ballast 
particles. In Fig. 3 the planar picture of the ballast configuration 
from Test 1 (Fig. 3a) along with the corresponding binary matrix 
(Fig. 3b), are reported. 
In the second step, the algorithm is aimed at recognising the 
different particles. This is a relatively complex procedure, which 
is highly dependent on the quality of the photography. 
Particularly, the condition of lighting has great influence on the 
reliability of the process. Indeed, since the system searches for 
zero-filled areas (i.e., void cells) within the analysed matrix in 
order to define the size of the ballast particles, the light contrast 
of the raw image is a crucial variable that may affect the 
reliability of the proposed algorithm. In view of a poor contrast 
of the raw image, the algorithm may fail in detecting the contour 
of the particle; hence this may be not recognized as a single 
particle. To prevent this failure, a threshold to the maximum 
admitted size of the recognized particles was arbitrary set. 
Thereby, the algorithm detects only the fraction of particles that 
complies with the above set filters. The reliability of this 
approach used for the partition of the dataset was proven. The 
comparison of the grain size distribution retrieved by means of 
the discussed algorithm with that defined through the sieve 
method [9], performed in the laboratory environment, is shown 
in Fig. 4. The normalised root mean square deviation (NMRSD) 
is equal to 8%, 14% and 15% for Test 1, 2 and 3, respectively. 
The final outcome of this second step is a sequence of 
recognized particles with corresponding areas expressed in 
number of pixels. To outline the grading curves from the 
analyses of the images, the areas of the ballast particle has been 
converted from pixels to cm2, by taking the known dimension of 
the methacrylate tank as scale reference. Subsequently, a 
specific diameter was assigned to each particle by referring to 
the equivalent virtual circle-shaped particles (with same area of 
those captured from the image analysis). Finally, the volume of 
the aggregates was calculated after assuming the aggregate 
particles as 3-D spheres. To pass from volume to weight units, it 
was used the information on the density of the ballast aggregates, 
as per the aforementioned laboratory tests [8].  
B. Data collection & signal processing 
An air-coupled GPR system manufactured by IDS Georadar 
and equipped with a 2000 MHz central frequency antenna, was 
used for testing purposes. The antenna was suspended in the air 
at 40 cm from the center of the ballast surface. To raise the 
stability of the signal and to cut off the random noise, 100 traces 
were collected and the corresponding average sweep was taken 
as a reference.  
Subsequently, the GPR data were processed according to the 
standard scheme discussed in [8], and including zero-offset 
removal and band-pass filtering. As good practice, the cut-off 
bandwidth was set 1.5 times the central frequency. Fig. 5 depicts 
the GPR signal collected in Test 1, before and after the data 
processing.  
V. RESULTS  
To test the effectiveness of the proposed approach, the data 
gathered from the GPR laboratory tests have been worked out 
into Eq. (1). This allowed for the computation of the geometric 
parameter d of the tested ballast. This information was finally 
compared with the same parameter derived from the image 
analysis. 
 
Fig. 4. Raw (dashed) and processed (solid) GPR data collected on 
Test 1. 
 
Fig. 6. Frequency spectra of the three configurations of ballast 
aggregates reproduced. 
 
 
 
Fig. 5. Grading curves obtained by running the algorithm on Test 1 
(dot-dashed) and from the Sieve Method (dashed). 
 
In Fig. 6, the frequency spectra from the GPR tests 
performed within the three ballast configurations are reported. 
The frequency peak for Test 1, 2 and 3 is detected at 1430 MHz, 
1120 MHz and 1430 MHz, respectively. These frequencies are 
consistently lower than the nominal frequency of the emitted 
GPR signal, which confirms that the EM waves are subjected to 
resonance when hitting the ballast aggregates. By inversely 
applying Eq. (1), it was possible to obtain the relevant diameter 
of the aggregates for each of the three cases. This resulting 
diameter D* is a characteristic feature which depends on the 
whole grain size distribution. The application of Eq. (1) provided 
a value of D* of 0.077 m, 0.092 m and 0.077 m for Test 1, 2 and 
3, respectively. 
To investigate how D* relates to the actual ballast grading, 
the grain size distribution curves of the three configurations were 
considered (Fig. 7). To this effect, as both the diameters of the 
aggregates and the distribution curves are related to the same 
ballast sample (same aggregates reshuffled within the same 
volume in each analysed scenario), and rather depend on the 
spatial distribution of the aggregates, their average values were 
taken as reference. In view of this, the average diameter 𝐷𝑎𝑣𝑔
∗  
turned out to be 0.087 m. The average grading curve is shown in 
Fig. 7. Looking at the graph, it is worth noting how 𝐷𝑎𝑣𝑔
∗  
corresponds to the sieve with the 70% of retained material. 
 
VI. CONCLUSIONS & FUTURE PERSPECTIVES 
This paper reports on a new ground-penetrating radar 
(GPR)-based approach for the assessment of the railway ballast 
grading. Data were collected using an air-coupled GPR system 
equipped with a 2000 MHz central frequency antenna. The here 
presented algorithm was based on the spectral analysis of the 
GPR data in the frequency domain. As the finite-difference time-
domain (FDTD) simulations confirmed, the frequency peak of 
the back-received spectrum was influenced by the size of the 
aggregates, if the resonance frequency was included in the 
spectrum frequency band. Thereby, after obtaining the 
frequency spectrum, it is possible to infer important geometric 
information on the tested ballast, by means of the exponential 
equation given in Eq. 1. 
To investigate how the ballast grading influences the 
electromagnetic response of the railway track-bed, an 
experimental activity was purposely performed. A methacrylate 
tank was filled up with limestone ballast aggregates and emptied 
out thrice. The GPR data were collected at the center of the 
formwork. The same test scenarios were investigated through an 
ad hoc automatic image analysis algorithm, aimed at 
reconstructing the grading curve of the material. The 
comparison between the characteristic diameter D* and the 
grading curves (obtained by GPR and image analysis, 
respectively) showed how the geometrical feature is 
representative of the sieve with the 70% of retained material 
(actual sieving test). 
It is important to emphasize on the innovation of the 
proposed approach in terms of integration between the GPR and 
the image analysis techniques and minimisation of destructive 
sampling for the assessment of the geometric features of the 
railway ballast.  
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Fig. 7. Grading curves obtained from the image analysis run on Test 1 
(square-marked), Test 2 (triangle-marked), Test 3 (cross-marked), 
and the curve interpolating the average values (solid line). 
